We study the properties of infrared-selected QSOs (IR QSOs), opticallyselected QSOs (PG QSOs) and Narrow Line Seyfert 1 galaxies (NLS1s). We compare their properties from the infrared to the optical and examine various correlations among the black hole mass, accretion rate, star formation rate and optical and infrared luminosities. We find that the infrared excess in IR QSOs is mostly in the far infrared, and their infrared spectral indices suggest that the excess emission is from low temperature dust heated by starbursts rather than AGNs. The infrared excess is therefore a useful criterion to separate the relative contributions of starbursts and AGNs. We further find a tight correlation between the star formation rate and the accretion rate of central AGNs for IR QSOs. The ratio of the star formation rate and the accretion rate is about several hundred for IR QSOs, but decreases with the central black hole mass. This shows that the tight correlation between the stellar mass and the central black hole mass is preserved in massive starbursts during violent mergers. We suggest that the higher Eddington ratios of NLS1s and IR QSOs imply that they are in the early stage of evolution toward classical Seyfert 1's and QSOs, respectively.
INTRODUCTION
Although much effort has been made since the local ultraluminous IRAS galaxies (ULIGs) were discovered, the dominant energy output mechanism and the evolutionary connection between circum-nuclear starbursts and active galactic nuclei (AGNs) are still a matter of debate (Kim, Veilleux, & Sanders 1998; Veilleux, Kim, & Sanders 1999a; Veilleux, Sanders, & Kim 1997 , 1999b Goldader et al. 1995; Murphy et al. 2001; Genzel et al. 1998; Lutz et al. 1998; Rigopoulou et al. 1999; Tran et al. 2001) . From recent high resolution multiwavelength observations, it is now widely accepted that the vast majority of ULIGs are strongly interacting or merging galaxies (e.g., Clements et al. 1996; Murphy et al. 1996; Veilleux, Kim, & Sanders 2002) . The AGN phenomenon appears at the final merging stage and the fraction of objects with AGN spectral characteristics is about 30% while the fraction of type 1 AGNs is less than 10% (e.g., Clements et al. 1996; Kim, Veilleux, & Sanders 1998; Wu et al. 1998; Zheng et al. 1999; Canalizo & Stockton 2001; Cui et al. 2001) . However, the percentage of AGNs increases with infrared luminosity, reaching 30-50% for L IR > 10 12.3 L ⊙ (Veilleux, Kim, & Sanders 1999a ). Zheng et al. (2002) carefully investigated the optical spectroscopic properties of infraredselected type 1 AGNs consisting of 25 objects with infrared luminosities L IR > 10 12 L ⊙ . (Following Zheng et al. 2002 , we refer to them as IR QSOs.) They found that the majority of IR QSOs have relatively narrow permitted emission lines compared with optically-selected Palomar Green quasars (PG QSOs), which are from the Palomar Bright Quasar Survey Catalogue (Schmidt & Green 1983) with redshift less than 0.5 (Boroson & Green 1992, hereafter BG92) . Furthermore, more than 70% of IR QSOs are moderately or extremely strong Fe II emitters. Canalizo & Stockton (2001) proposed that such IR QSOs are at a transitional stage between ULIGs and optically-selected QSOs as their host galaxies are undergoing interacting or major merging accompanied by massive starbursts. In fact, all the optical spectroscopic properties of IR QSOs show that they are located at one extreme end of Eigenvector 1 (or the first Principal Component) defined by BG92 in their principal component analysis. As pointed out by Grupe (2004) , Eigenvector 1 correlates well with the Eddington luminosity ratio L/L Edd . This ratio is thought to be indicative of the 'age' of an AGN -AGNs with a higher Eddington luminosity ratio are at the onset of an AGN phase. Important clues can therefore be gathered by studying young forming QSOs with massive starbursts in order to understand the physics of merging galaxies and the AGN phenomenon. Moreover, the co-existence of starbursts and AGNs provides important information about the buildup of the stellar populations in galaxies and the growth of central black holes.
As mentioned above, the fraction of objects with AGN spectral characteristics is about 30% among ULIGs. High resolution X-ray observations by Chandra and XMM-Newton confirmed the existence of central AGNs in some ULIGs through the detection of Fe Kα lines, for example in NGC 6240, Mrk 273, Mrk 231 and IRAS 19254-7545 (Xia et al. 2002; Komossa et al. 2003; Franceschini et al. 2003) . However, even for AGNs among ULIGs, the dominant energy output is probably massive starbursts, instead of a central AGN engine.
For example, using the CO kinematic data of IR QSO Mrk 231, Downes & Solomon (1998) concluded that the central AGN provides only one third of the total luminosity, with the rest contributed by starbursts.
Massive starbursts may dominate the energy output not only for some local IR QSOs but also for high redshift massive starburst galaxies and some optically-selected QSOs. A recent deep SCUBA survey uncovered a large population of ULIGs at z > 1 (Wang et al. 2004 and references therein). Based on ultra-deep X-ray observations and deep optical spectroscopic data, Alexander et al. (2004) argued that about 40% of bright SCUBA sources host AGNs. However, only 20% of the bolometric luminosity is contributed by AGNs. Recently, Carilli et al. (2004) reported that 30% of optically-selected QSOs at high redshift are hyper-luminous far-infrared galaxies with L IR > 10 13 L ⊙ and with dust masses > 10 8 M ⊙ . These QSOs follow the radio to far-infrared correlation for star-forming galaxies (Carilli et al. 2001) . Therefore, the main energy source for the SCUBA detected AGNs and some high redshift optical QSOs may also be starbursts. As the comoving luminosity density of infrared light contributed by luminous infrared galaxies at z ∼ 1 is more than 40 times larger than that in the local universe (Elbaz et al. 2002) , it is important to investigate the properties of these objects in order to understand the star formation history of the universe and the number counts of AGNs at high redshift (Alexander et al. 2004 ). Lessons we learn on how to determine the dominant energy output mechanism for local IR QSOs will provide clues to understanding the nature of AGNs at higher redshifts and the processes involved in galaxy formation and evolution.
In this paper, we perform statistical analyses for IR QSOs and compare their properties with those of PG QSOs and narrow-line Seyfert 1 galaxies (NLS1s). The outline of the paper is as follows. In §2, we describe how the IR QSO, PG QSO and NLS1 samples are compiled. In §3, we discuss the data reduction and how we estimate different physical parameters. The statistical correlations are studied in §4. Finally, in §5, we summarize and discuss our results. Throughout this paper we adopt a cosmology with a matter density parameter Ω m = 0.3, a cosmological constant Ω Λ = 0.7 and a Hubble constant of H 0 = 70 km s −1 Mpc −1 .
SAMPLE SELECTION
One aim of our study is to understand the connection of star formation and accretion process to the central black hole. For this purpose, we use an infrared-selected type 1 AGN sample as the star formation and AGN activity are coeval in these objects. For comparison, we also compile an optically-selected QSO sample and a NLS1 sample, for which the infrared information is available. The details of these three samples are given below:
(1) The infrared-selected type 1 AGN (IR QSO) sample is primarily from Zheng et al. (2002) . This sample was compiled from the ULIGs in the QDOT redshift survey (Lawrence et al. 1999) , the 1 Jy ULIG survey , and an IR QSO sample obtained by a cross-correlation study of the IRAS Point-Source Catalog with the ROSAT All-Sky Survey Catalog. All the IR QSOs selected by Zheng et al. are ULIGs with mid-infrared to far-infrared properties from IRAS observations. These galaxies include most of the transition QSOs defined by Canalizo & Stockton (2001) . Furthermore, they have also been carefully investigated by Zheng et al. with optical spectra; they concluded that these objects are in transition from ULIGs to classical QSOs or from mergers to elliptical galaxies through a QSO phase. We added three IR QSOs to the sample obtained from the cross-correlation of the largest IRAS redshift survey (PSCz) and the ROSAT archive by Xia et al. (2001) . In total, we have 28 objects, all of which are in the northern sky (δ > −30 • ) and they constitute about one third of all the IR QSOs identified using PSCz, hence it should be a representative sample of IR QSOs.
(2) The optically-selected QSO sample comprises 57 PG QSOs from the BG92 sample.
For 51 of these, their infrared information were taken from Haas et al. (2003) . We added six additional objects obtained by a cross-correlation of 87 PG QSOs in BG92 and the IRAS Faint Source Catalog.
(3) A NLS1 sample was taken from Wang & Lu (2001) with available IRAS flux densities from the NED database 1 . This sample is a heterogeneous sample compiled and observed spectroscopically by Veron-Cetty et al. (2001) . The sample consists of 39 objects, two of which overlap with the IR QSO sample and eight overlap with the PG QSO sample. In addition, the M BH estimation is not available for one of them (MS 15198−0633), so we excluded this object from the NLS1 sample, leaving a total of 28 objects.
One complication we already alluded to is that there are overlapping objects among the three samples. For later statistical analyses, we re-group them as follows: (1) The overlapping objects between the IR QSO and PG QSO samples are classified in the IR QSO sample. Furthermore, three PG QSOs (PG 0050+124, PG 1543+489 and PG 1700+518) are re-classified as IR QSOs following Canalizo & Stockton (2001) 3 . We will therefore put these objects into the NLS1 sample. After this exercise, the numbers of objects in the IR QSO, PG QSO and NLS1 samples are 31, 41 and 38, respectively.
One criterion of our sample selection is that the objects must have infrared flux or luminosity information. As the infrared information is not as readily available as the optical information, all the three samples used here are somewhat incomplete. However, they are representative of IR QSOs, optically-selected classical QSOs and NLS1s in the local universe. Furthermore, as discussed in §1, there are optical spectroscopic similarities between IR QSOs and NLS1s and possible evolutionary connections between IR QSOs and optically-selected QSOs (Sanders et al. 1988a) . Therefore, these three samples, while incomplete, will allow us to explore the physical relations among these three classes of objects.
DATA REDUCTION AND ESTIMATION OF PHYSICAL PARAMETERS
In this section, we briefly discuss the data reduction and describe how we determine the physical parameters of AGNs, including their black hole masses, infrared and optical luminosities, Hβ Luminosities, star formation rates and accretion rates. All the parameters are listed in Table 1 .
Black Hole Masses
The method used to estimate a black hole mass is based on the assumption that the motion of the gas moving around the black hole is dominated by the gravitational force and the broad emission line region (BLR) gas is virialized (see Peterson & Wandel 1999 . Hence the central black hole mass can be estimated using the BLR radius and velocity of the BLR gas, i.e.,
where G is the gravitational constant. The size of the BLR (R BLR ) can be estimated from the empirical relationship between the size and the monochromatic continuum luminosity at 5100Å. This relation was first found by Kaspi et al. (2000) for a sample of 17 Seyfert 1 galaxies and 17 PG QSOs in a cosmology with H 0 = 75kms −1 Mpc −1 , Ω m = 1, and Ω Λ = 0. The relation was refitted in our adopted cosmology by McLure & Jarvis (2002) 
The velocity V can be estimated from the Full Width at Half Maximum (FWHM) of the Hβ broad emission line V = √ 3/2V FWHM , by assuming that the BLR gas is in isotropic motions. Therefore, two measurements are needed to determine the black hole mass: the luminosity at 5100Å and the FWHM of Hβ.
We obtained the FWHM of Hβ from Zheng et al. (2002) for 25 out of the 28 IR QSOs. For the remaining three IR QSOs (IRAS F01348+3254, IRAS 03335+4729 and IRAS F04505−2958), we observed them and reduced the spectra in the same manner as described by Zheng et al. (2002) . Notice that the FWHM of Hβ was estimated in the same way as in BG92. The continuum flux densities at 5100Å were measured directly from our spectra. The uncertainties of the black hole mass were estimated by error propagation using the uncertainties of the flux density and the FWHM of Hβ measurements given by Zheng et al. (2002) . The mean error of the black hole mass is 0.13dex. This is a lower limit as the uncertainties of FWHM of Hβ given by Zheng et al. are probably under-estimated (cf. Shemmer et al. 2004) and there exists other sources of systematic errors (see Wang & Lu 2001 for more detailed discussions). Generally, the black hole mass derived in this way is accurate within a factor of 2−3 (e.g., Wang & Lu 2001; Marziani et al. 2003 , and references therein; Shemmer et al. 2004 ).
For the 57 PG QSOs in our sample, the FWHM of Hβ measurements were from BG92. The continuum flux densities at 5100Å were taken from the spectrophotometry by Neugebauer et al. (1987) . Specifically, the flux densities at 5100Å were estimated by a linear interpolation over the neighboring frequency range.
For the 28 NLS1s, we used the BLR sizes listed by Wang & Lu (2001) to calculate the monochromatic luminosity at 5100Å using the R BLR − λL 5100 relation given by Kaspi et al. (2000) , then used eq. (2) and eq. (1) to derive the black hole masses from the Hβ FWHM and monochromatic luminosity at 5100Å. In this process, we carefully accounted for the difference in the adopted cosmology (Wang & 
Infrared Luminosities
For all the sample objects except the 51 PG QSOs, we calculated their infrared luminosities following Sanders & Mirabel (1996) based on the flux densities from the IRAS Faint Source Catalog:
where D L is the luminosity distance, and f IR is defined as
with f 12 , f 25 , f 60 and f 100 being the IRAS flux densities at 12, 25, 60 and 100µm in units of Jy.
Notice that three IR QSOs (IRAS 06269−0543, IRAS 11598−0112 and IRAS 03335+4729) were not in the IRAS Faint Source Catalog, so we obtained their flux densities from the IRAS Point Source Catalog. The typical uncertainty of infrared luminosities is about 0.06 dex. For all the PG QSOs except the six objects (i.e., PG 0923+129, PG 0923+201, PG 1119+120, PG 1351+236, PG 1534+580 and PG 1612+261) obtained by cross-correlating 87 PG QSOs and the IRAS Faint Source Catalog, their infrared luminosities were calculated by summing over the L NIR (3 − 10µm), L MIR (10 − 40µm), L FIR (40 − 150µm) (from ISO observations) and L sub−mm (150 − 1000µm) (from the MAMBO and SCUBA (sub-)millimeter data) in Table 2 of Haas et al. (2003) . There are 16 common objects in the IRAS Faint Source Catalog and Haas et al. (2003) . The average difference of the infrared luminosities measured from the IRAS Faint Source Catalog and Table 2 of Haas et al. (2003) for these galaxies is 0.014 dex. Hence the infrared luminosities derived in these two different ways agree well and will not lead to large systematic errors.
Monochromatic luminosities (λL λ = νL ν ) at 12µm, 25µm, 60µm and 100µm were also calculated. The flux densities in the four bands of the 51 PG QSOs were derived from Table 1 of Haas et al. (2000 Haas et al. ( , 2003 . Notice that some PG QSOs do not have information in all four bands 4 . For most objects observed by both IRAS and ISO, the difference of the flux densities at 12µm, 25µm and 60µm is within 30%. However, the difference of flux densities at 100µm is larger than 30% for half of the objects. This could be due to the large IRAS beam of about 3 ′ which may enclose cirrus contaminations in the flux determinations (Haas et al. 2003) . The difference of flux densities at 12µm, 25µm, 60µm and 100µm are 0.072dex, 0.021dex, 0.002dex and 0.225dex, respectively. However, the larger errors at 100µm should not statistically affect our results that are mainly based on the flux densities at 60µm. Note that no k-correction 5 is applied to any of the monochromatic or integrated infrared luminosities. We estimated the k-correction by assuming our objects follow the spectral energy distribution of either luminous infrared AGNs or infrared starburst galaxies from Xu et al. (2001) . We calculated the k-correction from z = 0. to z = 0.5 and found that the largest k-correction occurs for a starburst galaxy at z = 0.5. Even in this case, the k-correction is smaller than 0.25dex for the monochromatic luminosity at 25µm. As all our sample objects have redshifts smaller than 0.5 and many of them have spectral energy distributions similar to AGNs, the k-correction is much smaller than 0.25dex. Hence our results are not affected significantly by k-corrections.
Optical and Hβ Luminosities
The optical luminosities of central AGNs of IR QSOs and PG QSOs were estimated by the monochromatic continuum luminosity at 5100Å, L opt = λL λ (5100Å). For PG QSOs, this approach appears reasonable, as L opt 's determined in this way are consistent with the V -band luminosities obtained through photometric observations. We will discuss the origin of the optical continuum and the applicability of this formula to IR QSOs in more detail in §4.1. For IR QSOs, the typical uncertainty of optical luminosities derived in this way is about 10%-20%.
For NLS1s, we used the BLR sizes listed by Wang & Lu (2001) and the R BLR − λL 5100 relation given by Kaspi et al. (2000, cf. eq. 2) to derive the optical luminosities of central AGNs (see the end of §3.1).
Hβ luminosities were estimated by the Hβ equivalent widths and the monochromatic continuum luminosities at 5100Å. The equivalent widths of the broad Hβ component for NLS1s were obtained from Veron-Cetty et al. (2001) . For IR QSOs and PG QSOs, the equivalent widths of Hβ were from Zheng et al. (2002) and BG92, respectively. Notice that for IR QSOs and PG QSOs, the equivalent width of Hβ includes a contribution from a narrow Hβ component, but as BG92 and Zheng et al. (2002) discussed, this contribution is less than 3% of the total Hβ flux, so the narrow component will not affect the results significantly.
Bolometric Luminosities and Eddington Ratios
For IR QSOs, PG QSOs and NLS1s, we estimated the bolometric luminosities using (Kaspi et al. 2000) ,
Notice that the bolometric luminosity only refers to the total luminosity associated with the central AGN.
The Eddington ratio L bol /L Edd was then derived, where the Eddington luminosity was calculated using the black hole masses (e.g., Peterson 1997) already determined in §3.1.
Accretion Rates and Star Formation Rates
The accretion rate onto the black hole was calculated by
where η is the accretion efficiency andṀ is mass accretion rate. We adopt η = 0.1 throughout this paper (as in many other papers), and we havė
The star formation rate was calculated by the monochromatic luminosity at 60µm due to starbursts (see §4.3) through the following intermediate steps. Notice that the 60µm flux densities were used for this purpose because they have the fewest upper limits. Lawrence et al. (1989) and Cardiel et al. (2003) gave, respectively,
So we have
Kennicutt (1998) gave an empirical calibration between the star formation rate and L(8 − 1000µm):
Combining Eqs. (9) and (10), we have
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RESULTS
Our three samples allow us to investigate the differences of physical properties for IR QSOs, optically-selected bright PG QSOs and NLS1s and probe possible evolutionary connections among these objects, and, equally importantly, the interplay between starbursts and AGNs.
We study the correlations between different quantities for IR QSOs, PG QSOs and NLS1s. For this purpose, we performed Spearman Rank-order (S-R) correlation analyses. For some objects, IRAS/ISO observations have only provided upper limits of flux densities in one or two bands. When such data are present we performed survival analysis 6 . The correlation results are listed in Table 2 . We discuss these correlations in more detail below. Fig. 1a shows that the featureless optical continuum luminosity at 5100Å correlates tightly with the broad Hβ luminosity for all three samples as a whole. This well-established relation (Yee 1980; Shuder 1981 , see also Osterbrock 1989 ) is often used to argue that the predominant mechanism of BLR gas excitation in AGNs is photo-ionization by the nuclear continuum (e.g., Veilleux, Kim, & Sanders, 1999a) . Therefore, Fig. 1a suggests that central AGNs power the optical emission for IR QSOs, PG QSOs and NLS1s. This result is consistent with Barthel (2001) who concluded that for QSOs, the B-band magnitude measures the AGN strength. also pointed out that the optical continuum of type 1 AGN is dominated by non-thermal emission. Therefore, it appears reasonable to adopt a common relation (eq. 5) to estimate the bolometric luminosities from the central AGN for all the objects. Fig. 1b shows the infrared luminosity versus the optical luminosity for PG QSOs, NLS1s and IR QSOs. The solid line shows the regression line between these two quantities for the PG QSOs and NLS1s. One sees that a considerable fraction of IR QSOs are above the line. If the tight correlation between the infrared and the optical luminosity for PG QSOs and NLS1s is because they are both associated with central AGNs, then a reasonable extrapolation for the infrared excess of IR QSOs is that there is another energy source in addition to the AGN that heats the dust.
Correlations
To further clarify the mechanism that leads to the infrared excess for IR QSOs, Fig. 2 6 ASURV, Isobe, Feigelson & Nelson (1986) .
shows the infrared emission in four bands (12 µm, 25 µm, 60 µm and 100 µm) with the optical luminosity. Comparing the four panels, one can see that the mid-infrared luminosity (at 12 µm, 25 µm) correlates tightly with the optical luminosity for PG QSOs and NLS1s, implying that the mid-infrared emission for optically-selected QSOs and NLS1s is associated with a central AGN. The correlations for the far-infrared luminosity (at 60 µm and 100 µm) and optical luminosity for PG QSOs and NLS1s are also tight, but some PG QSOs show deviations (see Fig. 2d) . Fig. 2 clearly shows that IR QSOs deviate from the regression line for PG QSOs and NLS1s in all four infrared bands; the deviations are more dramatic in the far-infrared (panels c and d) than those in the mid-infrared bands (panels a and b). Therefore, the infrared excess of IR QSOs occurs mainly in the far-infrared. This is further supported by ISO observations which showed that both PG QSOs and IR QSOs follow similar power-law spectral energy distributions from the near-infrared to mid-infrared band (Haas et al. 2003; Peeters et al. 2004 ). The spectral similarities in the mid-infrared suggest that the most significant difference between PG QSOs and IR QSOs must occur in the far-infrared.
The left panels of Fig. 3a show the histogram of L IR /L bol for different samples. As can be seen, the PG QSOs and NLS1s have similar distributions; their median values of L IR /L bol are almost the same (≈ 0.33), if we assume all the upper limits are real detections. It implies that roughly one third of the bolometric luminosity of the optically-selected type 1 AGNs is emitted in the infrared from their dust tori. This is consistent with Sanders et al. (1989) who found that all PG QSOs emit a significant fraction, 10%-50% with a typical value of 30%, of their bolometric luminosity in the infrared. In sharp contrast, more than two thirds of IR QSOs have L IR /L bol ratio larger than one with a median value of 1.4, highlighting again the significant infrared excess of the IR QSOs compared with PG QSOs and NLS1s.
Given that the infrared excess is mainly in the far-infrared, we further examine the ratio of the monochromatic luminosity at 60µm to the bolometric luminosity. The right panels of Fig. 3a show the histograms of this ratio for IR QSOs, PG QSOs and NLS1s. As can be seen, the median value (0.50) of L 60µm /L bol for IR QSOs is significantly larger than those (0.09, 0.08) for PG QSOs and NLS1s, confirming that IR QSOs have high far-infrared excesses compared with optical QSOs and NLS1s.
Eddington Ratios and Spectral Indices
To investigate the physical connections of IR QSOs, optically-selected QSOs and NLS1s, in the following we study the Eddington accretion ratio, black hole mass and the relation of infrared color with infrared excess (L IR /L bol ).
As is well known, the central engine of an AGN is powered by matter accretion onto the black hole. The AGN luminosity is proportional to both the mass accretion rate and the accretion efficiency, which is determined by complex accretion physics. Assuming a fixed accretion efficiency, the Eddington ratio, L bol /L Edd , measures the accretion rate in units of the critical Eddington value.
The left panels of Fig. 3b show the histograms of L bol /L Edd for three samples. Clearly the IR QSOs have a similar distribution of L bol /L Edd as NLS1s. The median values of the Eddington ratio are about 1.7 for IR QSOs and 1.3 for NLS1s, respectively. More than half of the IR QSOs and NLS1s have L bol /L Edd > 1, implying that the accretion in these systems may not be spherically symmetric (Collin et al. 2002; Wang 2003) . On the other hand, most PG QSOs have Eddington ratios smaller than one with a median value of about 0.2, much smaller than those of IR QSOs and NLS1s. As mentioned earlier, IR QSOs and NLS1s have similar optical spectroscopic properties, and they lie at one extreme end of the first Principal Component defined by BG92 (Zheng et al. 2002) . This component has been suggested to correlate with L bol /L Edd (e.g., BG92; Shemmer & Netzer 2002) . Therefore the spectroscopic similarities between IR QSOs and NLS1s may be due to the fact that both classes of objects have a high Eddington ratio.
Next we investigate the black hole mass distribution (right panels of Fig. 3b ). It is clear that NLS1s have much smaller black hole masses compared with IR QSOs and PG QSOs. The median black hole masses are 5 × 10 7 M ⊙ , 2 × 10 8 M ⊙ and 6.5 × 10 6 M ⊙ for IR QSOs, PG QSOs and NLS1s, respectively. In addition, the distribution of black hole mass of IR QSOs is broader than those of PG QSOs and NLS1s, which can be explained if the black hole masses of IR QSOs are still increasing and have not yet reached a stable value. Fig. 4 shows the infrared spectral index of α(60, 25) versus the infrared excess of L IR /L bol , where the spectral index is defined as
and the wavelengths are in units of µm. α(60, 25) is a measure of the dust temperature (e.g., Sekiguchi 1987) . The larger the value, the higher the dust temperature. There is a trend from Fig. 4 that as L IR /L bol decreases, α(60, 25) increases, implying that the dust temperature increases as the infrared excess decreases. Statistically, IR QSOs have lower α(60, 25) values and hence lower dust temperature compared with optically-selected QSOs and NLS1s. As the dust heated by AGNs tends to have higher temperatures, this suggests that starbursts are important for heating the dust in IR QSOs. Our conclusions are supported by preliminary Spitzer observations for IR QSO Mrk 1014 (IRAS 01572+0009, Armus et al. 2004 ). These observations clearly detected the 6.2, 7.7 and 11.3 µm PAH emission features, demonstrating convincingly the existence of massive starbursts in IR QSOs.
Star Formation Rates and Accretion Rates
From our discussions above, IR QSOs are accreting and forming stars at the same time, below we investigate how these two processes are related to each other. Fig. 2c is a plot of L 60µm versus the accretion rateṀ for IR QSOs, PG QSOs and NLS1s. From Fig. 2c , it appears that L 60µm andṀ are correlated for the IR QSO sample and the combined sample of PG QSOs and NLS1s. However, these two sub-samples follow different regression lines with quite different intercepts (compare the dashed and solid lines in Fig. 2c ). As we discussed above, the far-infrared excess of IR QSOs are due to the additional contribution of starbursts to the far-infrared luminosity compared with PG QSOs and NLS1s.
We can use Fig. 2c to estimate the star formation rate of IR QSOs. As central AGNs also provide contribution to the far-infrared emissions for IR QSOs, we first subtract this contribution by assuming it follows the same regression relation as PG QSOs and NLS1s (the solid curve in Fig. 2c ). We then use the excess infrared luminosity at 60µm to calculate the star formation rate using eq. (11). We find that the star formation rate and accretion rate are related to each other by log SFR = (0.29 ± 0.10) logṀ + (2.77 ± 0.06),
where SFR andṀ are both in units of M ⊙ yr −1 . The above relation can be rewritten as
In order to examine whether a systematic trend exists between the star formation rate, accretion rate and black hole mass, in Fig. 5 we plot the ratio of the SFR toṀ versus the black hole mass for IR QSOs. The regression line is given by
Eqs. (14) and (15) provide important clues about how the star formation rate and the growth of black holes are connected in violent merging galaxies. We return to this important point in the discussion ( §5.1).
SUMMARY AND DISCUSSION
In this paper we have analyzed the statistical properties of IR QSOs, PG QSOs and NLS1s from the optical to the infrared. Our results reveal that these three classes of objects have distinct properties in the infrared. Starbursts play a main role in the infrared excess, especially the far-infrared excess, in IR QSOs. Our study also reveals a correlation between the star formation rate and the accretion rate onto central black holes during galaxy merging and massive starbursts. This implies that the accretion-driven growth of central black holes is correlated with the formation of young stellar population. This has important implications for the origin of the tight correlation between the stellar mass of the hot component of galaxies with the central black hole masses. In the following we discuss these issues in more detail.
Correlation Between Star Formation Rates and Accretion Rates
In the last few years, it has become increasingly clear that the star formation and AGN activity must be correlated as there are tight correlations between the black hole mass, galactic velocity dispersion (e.g. Ferrarese & Merritt 2000) and the mass or luminosity of the hot stellar component of the host galaxy (e.g. Kormendy & Gebhardt 2001; Magorrian et al. 1998; Laor 1998) . It is unclear how the correlations arise.
By studying a large sample of narrow emission line galaxies from the Sloan Digital Sky Survey (SDSS), Heckman et al. (2004; see also Kauffmann & Heckman 2004) found that the host galaxies of bright AGNs have a much younger mean stellar age and quite a large fraction of these host galaxies have experienced recent starbursts. More importantly, they found that the volume averaged ratio of the star formation rate to the black hole accretion rate is about 1000 for bulge-dominated galaxies. This value is in agreement with the ratio of the bulge mass to the black hole mass empirically derived (Marconi & Hunt 2003) . Notice that their results are based on 23000 narrow emission-line galaxies which excludes type 1 AGNs. In their study, the black hole mass covers more than two orders of magnitude. Our study, on the other hand, is based on only a few tens of infrared-selected type 1 AGNs. But these objects are experiencing both massive starbursts and rapid black hole growth due to accretions at the same time, and so we probe the same correlation but in more extreme environments.
At this transitional stage from massive starburst to classical QSO, the average ratio of star formation rate to black hole accretion rate SFR/Ṁ is also a few hundred as shown in Eq. (14). Comparing Fig. 5 with Figure 11 in , both the slope and zero-points of the fitted lines are similar. It is intriguing that SFR/Ṁ is not constant, but declines with the black hole mass; the same trend was found in .
On the other hand, as we emphasized in §4.2, the infrared emission, even the far-infrared emission, for optically-selected QSOs and NLS1s are not from the star formation, but mainly from dust heated by central AGNs. For these objects, the accretion process is still powering the AGN's emission, but there is no longer substantial star formation. The picture we obtained here is consistent with the recent simulation result by Springel et al. (2004) that the starburst and AGN activity are coeval, but the time durations are different as a result of the detailed form of the response of the gas to the feedback processes.
The number density of ULIGs and classical QSOs are comparable in the local universe (Sanders et al. 1988a (Sanders et al. , 1988b Canalizo & Stockton 2001) . The fraction of IR QSOs is less than 10% of ULIGs, hence the number density of IR QSOs in the local universe is at most 10% of classical QSOs. If the number density of objects is simply related to the time scale of different phases, then the time scale for IR QSOs will be roughly 10% of that of classical QSOs (about a few times 10 8 years, e.g., Marconi et al. 2004) . The IR QSO phase may therefore last only a few times 10 7 years. The co-moving number density of ULIGs is likely much higher at higher redshift. For example, Elbaz et al. (2002) found that the comoving number density of ULIGs is several tens times higher at z ∼ 1 than that in the local universe. Correspondingly, the co-moving number density of IR QSOs can be higher by the same factor, i.e., the co-existing massive starbursts and rapid accretions onto black holes may be much more common at higher redshift. An investigation into the evolution of the co-moving number density of IR QSOs with redshift will provide valuable information for the formation of spheroidals and AGNs.
Infrared-Excess as Criterion of Starbursts
Based on an analysis for 64 PG QSOs from the infrared to the X-ray, Haas et al. (2003) concluded that the central AGN is the dominant energy source for all emissions of PG QSOs. Even for the far-infrared emission, the central AGN is still the main source of heating on the dust tori. If the dust torus is clumpy, then the central AGN emission can travel through the gaps farther out and provide the observed far-infrared emission reradiated from cooler outer regions. Therefore for PG QSOs, starbursts play a minor role. In this paper, we showed that NLS1s and PG QSOs also satisfy the same correlations and central AGNs may be the dominant sources from the optical to the far-infrared, even for some PG QSOs with
The IR QSOs, PG QSOs and NLS1s follow the same correlation between the Hβ luminosity and the optical continuum luminosity (see Fig. 1a and Table 2 ). This implies that for all sample objects, regardless of whether they are optically-selected or infrared-selected, their optical luminosity measures the central AGN's power. In all the other correlations, the IR QSOs are significantly different from the PG QSOs and NLS1s, which is a direct result of the far-infrared excess in IR QSOs. We showed that this infrared excess is from starbursts, as can be most clearly seen from the larger values of L IR /L bol and smaller values of α(60, 25) (see Fig. 4 ). For most IR QSOs starbursts play a significant, even dominating, role in their energy output. We conclude that the infrared excess can serve as an efficient criterion to disentangle the relative energy contributions of AGNs and starbursts.
Evolutionary Connections Between NLS1s, IR QSOs and PG QSOs
The optical spectra of IR QSOs and NLS1s are quite similar, both of which have strong or extremely strong optical Fe II emission and weak [O III] λλ4959,5007 emission. They are located at one extreme end of the Eigenvector 1 of BG92. It is widely accepted that the Eigenvector 1 is closely correlated with the Eddington ratio (L bol /L Edd ); a large Eddington ratio is interpreted as the AGN being at the early stage of an AGN phase, i.e., having a young 'age' (Grupe 2004) . As both IR QSOs and NLS1s have high Eddington ratios (see left panels of Fig. 3b) , it follows that both classes of objects are young AGNs in their early stage of evolution.
However, in all the analyses performed in section 4, NLS1s and PG QSOs have similar correlations. The differences between them are their black hole masses and the Eddington ratios. On the other hand, IR QSOs and NLS1s are different except that both have high Eddington ratios. The difference between IR QSOs and NLS1s is also underlined by their host galaxies. It appears that the host galaxies of IR QSOs are merging galaxies while the host galaxies of NLS1s are barred spirals (Crenshaw et al. 2003) . More importantly, IR QSOs are undergoing massive starbursts which produce the infrared excess in these objects.
The co-existing massive starbursts and high black hole accretion rate in IR QSOs will lead to the rapid growth of black holes and IR QSOs will rapidly evolve to classical QSOs hosted by elliptical galaxies. While NLS1s have high Eddington accretion ratios, the accretion ratesṀ are in fact much smaller than those of IR QSOs (see Fig. 2c ), therefore, the final black hole for these objects will be smaller, and their evolution destination may be Seyfert 1s, rather than QSOs. This is also consistent with the bulge and black hole mass relation -the bulge mass of spiral galaxies is smaller than those in elliptical galaxies, and so NLS1s will end as Seyfert 1's with smaller black holes and hosted by spiral galaxies.
Our analyses provide hints about the physical connections between different classes of AGNs. It will be important in the future to quantify how AGNs evolve in the multipledimensional space of accretion rate, black hole mass, host galaxies etc. With multi-wavelength observations and data from large surveys coming in from both space and ground-based observatories, this task appears to be increasingly achievable.
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a The number in parenthesis denotes the number of sources whose dependent variables are upper limits involved in the survival analysis. . Note that in all our statistical analysis, NGC4051 is excluded because it is far from others in terms of all physical parameters. We will not mention this in later figures. In panel (b), the solid line represents the linear regression for all PG QSOs and NLS1s. For clarity, upper limits of L IR are not labelled (see Table 1 ), but survival analyses were performed for these upper limits. 
